Aims/hypothesis. Diabetes accelerates cardiovascular disease caused by atherosclerosis. Accordingly, diabetes accelerates atherosclerotic lesion progression and increases arterial smooth muscle cell proliferation. We hypothesized that diabetes can exert growth-promoting effects on smooth muscle cells via increased advanced glycation end-products or by dyslipidaemia. Methods. Primary human arterial smooth muscle cells were stimulated with advanced glycation end-products, other ligands of the receptor for advanced glycation end-products or fatty acids common in triglycerides. Cell proliferation was measured as DNA synthesis, cell cycle distribution and cell number. Effects of oleate on cellular phospholipids, diacylglycerol, triglycerides and cholesterol esters were analyzed by thin-layer chromatography, and oleate accumulation into diacylglycerol was confirmed by gas chromatography. Results. Human arterial smooth muscle cells express the receptor for advanced glycation end-products, but its ligands N ε -(carboxymethyl)lysine-modified proteins, methylglyoxal-modified proteins, S100B polypeptide and amyloid-β (1-40) peptide, exert no mitogenic action. Instead, oleate, one of the most common fatty acids in triglycerides, enhances platelet-derived growth factor-BB-mediated proliferation and oleate-containing 1,2-diacylglycerol formation in smooth muscle cells. This mitogenic effect of oleate depends on phospholipase D activity and is associated with an increased formation of oleate-enriched 1,2-diacylglycerol. Conclusion/interpretation. Oleate, not ligands of the receptor for advanced glycation end-products, acts as an enhancer of human smooth muscle cell proliferation. Thus, lipid abnormalities, rather than hyperglycaemia, could be a major factor promoting proliferation of smooth muscle cells in atherosclerotic lesions. [Diabetologia (2003[Diabetologia ( ) 46:1676[Diabetologia ( -1687 Keywords Atherosclerosis, diabetes, diacylglycerol, fatty acids, platelet-derived growth factor, phospholipase D, triglycerides. Atherosclerosis is accelerated by both Type I and Type 2 diabetes [1] by mechanisms that are poorly understood. Proliferation of arterial smooth muscle cells (SMCs) in lesions of atherosclerosis plays an important role in progression of early fatty streaks to fibroatheromas. We have recently reported that increased SMC proliferation in fibroatheromas occurs concomitantly with hyperglycaemia and an increased plasma triglyceride concentration in a porcine model of diabetes-accelerated atherosclerosis [2] . However, increased plasma glucose concentrations do not directly stimulate proliferation of SMCs isolated from these animals or from human subjects [2] . In this study, we investigated advanced glycation end-products (AGEs)
Atherosclerosis is accelerated by both Type I and Type 2 diabetes [1] by mechanisms that are poorly understood. Proliferation of arterial smooth muscle cells (SMCs) in lesions of atherosclerosis plays an important role in progression of early fatty streaks to fibroatheromas. We have recently reported that increased SMC proliferation in fibroatheromas occurs concomitantly with hyperglycaemia and an increased plasma triglyceride concentration in a porcine model of diabetes-accelerated atherosclerosis [2] . However, increased plasma glucose concentrations do not directly stimulate proliferation of SMCs isolated from these animals or from human subjects [2] . In this study, we investigated advanced glycation end-products (AGEs)
Western blot analysis of RAGE expression. A rabbit polyclonal antibody against the N-terminal 16 amino acids (AQNITARI-GEPLVLKC) of mature human RAGE conjugated to keyhole limpet haemocyanin was produced in rabbits (Genemed Synthesis, South San Francisco, Calif., USA). For Western blot analysis of RAGE expression, cell lysates were prepared and subjected to separation on 10% SDS polyacrylamide gels. The proteins were transferred to Immobilon-P membranes (Millipore, Bedford, Mass., USA). The membranes were blocked in 5% milk in PBS-Tween for 1 h at room temperature and the RAGE antiserum or preimmune serum was then incubated with the membrane at a 1:1000 dilution overnight at 4°C. For blocking experiments, the RAGE antiserum was pre-incubated with the antigen peptide (5 µg/ml) for 1 h at 37°C prior to incubation with membranes. This was followed by incubation with the secondary horseradish peroxidase-conjugated anti-rabbit antibody (Amersham Biosciences, Arlington Heights, Ill., USA) at a 1:5000 dilution. Western blots were developed by enhanced chemiluminescence according to the manufacturer's instructions (Amersham Biosciences).
Production of AGE-modified proteins. BSA and ovalbumin (25 mg/ml) were glycated in endotoxin-free PBS (10 mmol/l, pH 7.4) containing 0.1 µg/ml pepstatin A, 0.5 µg/ml leupeptin, 2 µg/ml aprotinin, 1.5 mmol/l PMSF, 1 mmol/l EDTA, 1 mmol/l NaN 3 , 1 mol/l D-glucose and 0.5 mol/l glucose-6-phosphate for 8 weeks at 37°C under sterile aerobic conditions. The resulting proteins are referred to as AGE-BSA and AGEovalbumin. Control proteins were incubated under the same conditions in the absence of glucose and glucose-6-phosphate.
CML-modification of BSA was carried out according to a known method [25] . In short, BSA was incubated in endotoxin-free PBS (pH 7.8) in the presence of glyoxylic acid and and non-esterified fatty acids (NEFAs) as potential detrimental factors for SMCs.
AGEs are formed under hyperglycaemic and hyperlipidaemic conditions [3] and are present in atherosclerotic lesions [4] . These structures bind to a number of cellular proteins and have been shown to exert a plethora of cellular responses. AGE-binding proteins identified include the components of the AGE-receptor complex p60, p90 and galectin-3 [5, 6] , receptor for AGEs (RAGE) [7] , the class B scavenger receptor CD36 [8] , and class A-type I and II scavenger receptors [9] . To date, the only AGE receptor with clear signalling capacities is RAGE, which can be activated by AGEs, but also by other ligands including amphoterin, amyloid peptides, S100 polypetides, and transthyretin [10] . Blocking interaction of RAGE with its ligands [11, 12, 13] can inhibit several processes involved in atherosclerosis.
Hypertriglyceridaemia is another risk factor for the development of atherosclerosis in people with and without diabetes [14] and is frequently seen in diabetic patients with cardiovascular disease [15] and in animal models of diabetes-accelerated atherosclerosis [16, 17] . NEFAs are liberated from triglycerides in the arterial wall by lipoprotein lipase [18] . The main fatty acids present in triglycerides in humans with and without diabetes are oleate and palmitate [19, 20] . Increased levels of circulating triglycerides in combination with hydrolysis of these triglycerides in the atherosclerotic plaque are likely to result in increased levels of NEFAs within the plaque.
The aim of this study was to compare the effects of AGEs to those of oleate and other common fatty acids on proliferation of primary human arterial SMCs. Non-transformed human arterial SMCs often respond differently than SMCs isolated from other species, such as rodent SMCs [21, 22] , and studies of human SMCs are therefore of importance. NaCNBH 3 (both from Sigma) at different ratios for 10 min to 24 h. Using a 10-min reaction and a ratio of glyoxylic acid: NaCNBH 3 of 1:1, 1:2 and 1:7, we obtained CML-modified BSA at levels of 462, 277 and 97 mmoles modified NH 2 -residues/moles total NH 2 -residues, respectively. Control protein was incubated under the same conditions in the absence of glyoxylic acid. Minimal modification of BSA with 500 µmol/l methylglyoxal (MGO; Sigma) was carried out for 24 h at 37°C [26] .
At the end of the glycation process the proteins were dialyzed (Slide-A-Lyzer Dialysis cassette, Mw cut-off 10,000 kDa; Pierce Chemical, Rockford, Ill., USA) against endotoxinfree PBS (pH 7.6) under sterile conditions for 72 h. Protein concentrations were then measured by the BCA-200 protein assay kit (Pierce).
Measurement of endotoxin levels. Endotoxin was removed, when needed, prior to modification of BSA or ovalbumin using Detoxi-Gel columns (Pierce). Endotoxin levels were measured using a chromogenic limulus amebocyte lysate test (QCL-1000; Whittaker M.A. Bioproducts, Walkersville, Md., USA). All samples showed endotoxin levels less than 5 pg/ml final concentration.
Characterization of AGE-modified proteins. SDS-PAGE analysis under reducing conditions was used to evaluate integrity of the modified proteins and mobility shifts caused by glycation. The 2,4,6-trinitrobenzenesulfonic acid (TNBS, Sigma) assay was used to quantify mmoles modified NH 2 -residues versus moles of total NH 2 -residues, using unmodified BSA as the calibration standard [27] , thus giving the % modification. Fluorescence of AGEs (exc: 370 nm, em: 440 nm) was also measured. Finally, the amount of modification was determined by Matrix Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) mass spectrometry for some AGE-modified proteins. Protein samples (1.5 µl, 10 pmol/µl) were diluted in 1.5 µl saturated dihydroxybenzoic acid, air dried on a MALDI sample plate and subjected to mass determination using a Bruker Biflex III MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, Mass., USA). The instrument was equipped with a 337 nm nitrogen laser.
Preparation of fatty acid-BSA complex. Sodium salts of fatty acids were diluted to a final concentration of 70 µmol/l, unless otherwise stated, in sterile Dulbecco's Modified Eagle's Medium containing 70 µmol/l fatty acid-free BSA (Sigma). This mixture was equilibrated for 1 h at 37°C, 5% CO 2 , prior to addition to the cells, allowing BSA-fatty acid complexes to form. This method has been estimated to result in an effective free fatty acid concentration in the nanomolar range [28] . The concentrations of fatty acid and BSA were based on a physiological ratio between fatty acid and the carrier protein and the concentration of albumin present in the extracellular fluid of the intimal portion of the arterial wall [29] .
Measurement of SMC DNA synthesis, cell cycle distribution, and proliferation. DNA synthesis was measured as [ 3 H]-thymidine incorporation into DNA [2] . Growth factors were added 3-4 h after stimulation with fatty acids. Cell cycle distribution was measured by flow cytometry. Following stimulation, SMCs were trypsinized, and DNA was then stained using 4,6-diamidino-2-phenylindole [30] . The fraction of cells in the G1, S and G2/M phases of the cell cycle was determined by using a Coulter Epics Elite flow cytometer (Coulter, Hialeah, Fla., USA) equipped with an argon laser (360 nm exc) and MPlus software [30] . Cell proliferation was also measured by determining cell number according to a known method [2] .
VCAM-1 gene expression. Regulation of vascular adhesion molecule-1 (VCAM-1) mRNA was studied in HUVECs stimulated for 4 h with AGE-BSA or BSA control, or by TNF-α (10 nmol/l) as a positive control. Total RNA was extracted from the cells by using RNAeasy kits from Qiagen (Valencia, Calif., USA). VCAM-1 mRNA was quantified by semi-quantitative RT-PCR [31] , using the Titan One Tube RT-PCR system (Roche Molecular Biochemicals, Indianapolis, Ind., USA). Custom made human VCAM-1 primers (Gibco BRL) were: 5′ primer 5′-CCCTTGACCGGCTGGAGATT-3′ and 3′ primer 5′-CTGGGGGCAACATTGACATAAAGTG-3′. The linearity of the reaction was optimized by using 0.3 µg RNA/reaction and 35 cycles. Annealing and elongation were achieved using a three-step program (30 s 94°C, 30 s 58°C, 60 s 68°C) that was concluded with 7 min at 68°C. The samples were then separated on 1% agarose gels, visualized by ethidium bromide (GIBCO/BRL), and photographed using an Eagle Eye II (Stratagene, Cedar Creek, Tex., USA). The reaction produced a single band of the expected size (241 bp). Human β-actin mRNA was quantified as a loading control. The primers for β-actin (Clontech Laboratories, Palo Alto, Calif., USA) were: 5′ primer 5′-ATCTGGCACCACACCTTCTACA-ATGAGCTGCG-3′ and 3′ primer 5′-CGTCATACTCCTGCT-TGCTGATCCACATCTGC-3′. The reaction produced a single band of the expected size (838 bp). The intensities of the VCAM-1 bands were quantified by NIH Image 1.62 software (developed at the Research Services Branch of the National Institute of Mental Health) and normalized to the intensities of the β-actin bands.
Analysis of cellular lipids and accumulation of oleate in lipid pools.
SMCs in 100-mm dishes were labelled with [ 14 C]-OA (37 kBq/plate; 1 µmol/l) complexed to 70 µmol/l fatty acidfree BSA in the presence or absence of 70 µmol/l unlabelled OA. The cells were incubated at 37°C for 18 h and then stimulated with PDGF-BB (1 nmol/l) for 15 min. Membrane lipids were extracted using a modified method [32] . Lipid extracts were applied to unmodified silica gel G thin-layer chromatography plates and developed in a solvent system of hexane: diethyl ether:glacial acetic acid (105:45:3). Standards containing mono-, di-, and triglycerides (Nucheck Prep, Elysian Fields, Minn., USA), and cellular lipids were visualized by exposure of the plate to iodine vapour. The intensity of the iodine-visualized spots was quantified using the NIH Image 1.62 software. Plates were then dried and exposed to a phosphor screen for 24 h. A Molecular Dynamics Storm 860 PhosphorImager was used for detection and quantification of radioactive spots.
Determination of fatty acid chain composition of 1,2-diacylglycerol.
The fatty acid composition of 1,2-diacylglycerol (1,2-DAG) was analyzed by gas chromatography. SMCs (3 million cells/sample) were incubated in the presence or absence of 70 µmol/l OA bound to BSA for 18 h and then stimulated with or without 1 nmol/l PDGF-BB for 15 min. Neutral lipids were then extracted and separated by thin-layer chromatography. Butylated hydroxytoluene (44 mg/l) was included to prevent oxidation of fatty acids. The 1,2-DAG spots were directly transesterified to prepare fatty acid methyl esters [33] . The fatty acid methyl esters were then separated by gas chromatography [34] .
Statistical analysis. Statistical analysis was done using oneway analysis of variance followed by the Newman-Keuls multiple comparison test (Graph Pad Prism; Graph Pad Software, San Diego, Calif., USA). A p value less than 0.05 was considered statistically significant.
Results

RAGE is expressed by human SMCs.
To verify that human arterial SMCs express RAGE, we generated a rabbit polyclonal antibody against human RAGE. This antibody detects the purified extracellular part of RAGE, whereas the preimmune serum does not detect RAGE (Fig. 1a) . In extracts from human SMCs and HUVECs, the RAGE antibody detected a band of about 51 kDa corresponding to full-length RAGE (Fig. 1b) . The specificity of the signal was verified by RAGE peptide competition experiments. Two nonspecific bands were also detected by the RAGE antibody, and this signal was not blocked by the RAGE peptide.
Characterisation of AGE-modified proteins. As shown by SDS-PAGE, the glycation process caused an increase in the apparent molecular weight of BSA and ovalbumin. This was especially noticeable for AGE-BSA and AGE-ovalbumin, with smaller changes seen in MGO-and CML-modified proteins (Fig. 2a) . AGE-BSA and AGE-ovalbumin also showed a marked increase in fluorescence compared to controls, whereas CML-and MGO-proteins had a weak or no fluorescence at 440 nm. However, the degree of modification of amino residues in these preparations, as evaluated by the TNBS assay, was increased by 40-64% compared to controls (Fig. 2a) .
MALDI-TOF mass spectrometry was used to measure the number of modified residues compared to control proteins. This method indicated that the control BSA used did not exhibit basal modification.
The maximal CML modification protocol used (a 1:1 ratio of glyoxylic acid:NaCNBH 3 and a 24-h reaction) resulted in a single defined peak (Fig. 2b) . The calculated number of modified residues in this CML-BSA preparation was 67. The results obtained by MALDI-TOF mass spectrometry closely resembled those obtained by the TNBS assay.
RAGE ligands do not induce proliferation of human
SMCs. None of the glycated proteins induced DNA synthesis in human SMCs (Fig. 3a-c) . Incubation of SMCs under high glucose (25 mmol/l) conditions did not affect their response to glycated proteins (data not shown). Furthermore, no effect of the different glycated proteins on PDGF-BB-induced DNA synthesis was observed (Fig. 4a) . The glycated proteins also did not modulate the effects of IGF-I, insulin, angiotensin II, TNF-α or interleukin 1β. Two other RAGE ligands, S100B and amyloid-β peptide, did not stimu- (Fig. 3d) or enhance the effects of PDGF-BB (Fig. 4b) . The lack of growth-promoting effect of RAGE ligands was verified by determining the number of SMCs after a 6-day incubation.
In order to verify that the AGE-BSA used in this study was biologically active, its ability to induce VCAM-1 gene expression in HUVECs was investigated. AGE-BSA, but not control BSA, induced a clear increase in VCAM-1 gene expression after a 4-h stimulation, as did TNF-α (Fig. 5a) . Quantification of the intensities of the VCAM-1 bands and normalization to the intensities of the corresponding β-actin bands (Fig. 5b) revealed that TNF-α induced a 3.7-fold induction of VCAM-1 mRNA, 100 µg/ml AGE-BSA induced a 2.0-fold increase in VCAM-1 mRNA compared to control while 300 µg/ml AGE-BSA induced a 2.6-fold increase in VCAM-1 mRNA.
Oleate stimulates proliferation of human SMCs. OA, but not EA or conjugated LA, induced an increase in Human SMCs were incubated with or without S100 (100 nmol/l), or amyloid-β peptide (1 or 5 µmol/l) and/or PDGF-BB. [ 3 H]-thymidine incorporation into DNA was measured as described in Fig. 3 . The results are presented as means±SEM of triplicate samples of representative experiments performed at least three times DNA synthesis (Fig. 6a) . More strikingly, OA enhanced the mitogenic effect of PDGF-BB (Fig. 6a) and IGF-I (not shown). The effect of LA was smaller than that of OA, but it did reach statistical significance (p<0.001) in SMCs from two of the three donors investigated. SA and palmitic acid had no mitogenic activity. Since fatty acids require the esterification to a CoA-moiety prior to utilization in the cell, we also investigated the effect of CoA-modified fatty acids. OA-CoA stimulated DNA synthesis and enhanced the effects of PDGF-BB approximately fivefold (Fig. 6b) . LA-CoA (70 µmol/l) induced an approximate two-fold increase of the effects of PDGF-BB, whereas EA-CoA and SA-CoA had only weak effects.
OA also enhanced the effect of PDGF-BB on cell cycle progression. Thus, more cells were found in the S-and G2/M phases of the cell cycle, and fewer cells were in G1, after stimulation with OA plus PDGF-BB compared to stimulation with PDGF-BB alone (Fig. 7) . Consistently, OA enhanced the effect of PDGF-BB on SMC number (Fig. 6c) .
Oleate increases levels of triglycerides and unesterified fatty acid in human SMCs
. Stimulation of SMCs with OA for 18 h resulted in more than a four-fold increase in cellular triglyceride levels and a two-to three-fold increase in free fatty acid levels. Total levels of cholesterol esters and phospholipids were not affected by OA or PDGF-BB (Table 1) .
We then examined the distribution of [ 14 C]-OA in neutral lipid pools and phospholipids in SMCs exposed to 70 µmol/l BSA-bound OA compared to SMCs exposed to tracer amounts (1 µmol/l) of [ 14 C]-OA bound to 70 µmol/l BSA. Tracer amounts of OA were added in order to visualize the lipid pools. However, SMCs stimulated with tracer amounts of OA cannot be compared to SMCs that have not been exposed to OA, because even nanomolar concentrations of carrier-bound OA are rapidly taken up by cells. An accumulation of [ 14 C]-OA in the triglyceride and free fatty acid pools occured in SMCs that had been exposed to 70 µmol/l OA compared to SMCs that had been exposed to tracer amounts of [ 14 C]-OA alone, reflecting the increase in total amounts of these lipid pools (Table 1) . Conversely, accumulation of [ 14 C]-OA in the phospholipid pool was lower in SMCs exposed to 70 µmol/l OA compared to SMCs exposed to (Table 1) .
Oleate enhances the effects of PDGF-BB by stimulating generation of OA-enriched 1,2-DAG.
We hypothesized that the effect of OA on PDGF-BB's mitogenic effect could be due to PDGF-BB-induced activation of phospholipase D (PLD) and subsequent hydrolysis of OA-enriched phosphatidylcholine. To address this hypothesis, several experiments were carried out. Firstly, if PDGF-BB leads to PLD activation and hydrolysis of OA-containing phosphatidylcholine, PDGF-BB should give rise to formation of OA-containing 1,2-DAG in SMCs incubated with OA. The results show that this is indeed the case. PDGF-BB stimulation resulted in more [ 14 C]-OA-containing 1,2-DAG compared to unstimulated SMCs (Fig. 8a) . Levels of total 1,2-DAG were also increased by PDGF in SMCs exposed to 70 µmol/l OA (Fig. 8b) .
Inhibition of PLD action by 1-butanol, but not by the 2-butanol control, reduced the effect of OA on PDGF-BB-induced DNA synthesis (Fig. 8c) . In other experiments, propranolol (30 µmol/l) was used to inhibit phosphatidate phosphohydrolase, which catalyses the conversion of phosphatidic acid to DAG. Propranolol also inhibited the stimulatory effect of OA. Thus, the growth-promoting effects of OA are Values are represented as % of control, means ± SEM (n=4). PL, phospholipids; FFA, free fatty acids; TG, triglycerides; CE, cholesterol esters. **p<0.01, ***p<0.001 compared to control likely to be mediated by increased formation of OAenriched 1,2-DAG mediated by the PLD pathway in human SMCs.
Exposure of human SMCs to oleate results in a dramatic change in 1,2-DAG fatty acid composition.
In control SMCs, the saturated fatty acids myristic acid, stearic acid and palmitic acid made up 62% of the DAG acyl chains, whereas only 15% was comprised of OA. In contrast, in SMCs exposed to 70 µmol/l BSA-bound OA, OA content in DAG was increased two-fold and the content of the saturated fatty acids was decreased (Table 2) . Thus, exposure of human SMCs to physiological levels of carrier-bound OA results in a change in fatty acid composition of 1,2-DAG.
Discussion
RAGE ligands do not stimulate human SMC proliferation.
The results of this study show that AGEs and other RAGE ligands do not directly induce proliferation of human arterial SMCs, despite expression of RAGE in these cells. Analysis of biological effects of AGEs is complicated by the fact that various AGE structures are included under the term "AGEs", such as hydroimidazolones derived from methylglyoxal, CML and bis(lysyl)imidazolium protein cross-links. Therefore, we investigated the effect of AGEs prepared by several different methods. The product termed AGE-BSA contains different AGE structures. CML-and MGO-modified BSA preparations were chosen as more defined products and for their ability to bind and activate RAGE [25, 35, 36] . The extent of AGE-modification of lysine and arginine residues in blood cells in vivo is in the range of 0.01 mmol-15 mol [37] . Levels of CML-modification in skin collagen and lens proteins are in the order of 2-5 mmol CML/mol lysine [38] . This is lower than the extents of modification used in this study. However, the extent of AGE-modification in lesions of atherosclerosis is unknown. The effects of AGEs on proliferation of SMCs have been investigated with contradictory results in cells derived from rat, rabbit, porcine, and human arteries. The different results are likely to be due to differences in the extent of modification and/or AGE structures present in proteins modified by different methods. There may also be species-dependent differences in SMC responses to AGEs. Thus, glycated albumin increases proliferation of rat [39, 40] and rabbit [41] SMCs. In other studies, AGE-BSA did not stimulate proliferation of pig or rabbit SMCs [42, 43] . The lack of effects of AGEs on human SMCs is consistent with results of a previous study using BSA incubated for 1 week in 20 mmol/l glucose-6-phosphate [44] .
Of the non-AGE RAGE ligands described, S100 peptides are particularly interesting in the context of atherosclerosis because of their asscoation with inflammation [10] . However, in this study S100B, as well as another RAGE ligand, amyloid-β peptide [10] , failed to induce proliferation of human SMCs. Again, these findings in human SMCs are in contrast to results showing that similar concentrations of S100B can induce DNA synthesis in murine SMCs [45] . Thus, human SMCs may respond differently than rodent SMCs to RAGE stimulation.
In summary, RAGE ligands do not directly stimulate proliferation of isolated human SMCs. It is possible that human SMCs are quite resistant to increased oxidative stress, which mediates the effects of AGE-RAGE interaction in endothelial cells and monocytes/macrophages [46] . Therefore, direct effects of AGEs and S100 peptides on endothelial cells [13, 47] and/or monocytes/macrophages [48, 49] might be more pronounced than their effects on SMCs.
OA could mediate its mitogenic effects by causing increased formation of OA-enriched 1,2-DAG following
PLD activation. This study shows that OA, one of the most common fatty acids in triglycerides in people and animals with and without diabetes [17, 19, 20] , strongly enhances the mitogenic effects of PDGF-BB in primary human SMCs. Previous studies have shown that OA also enhances the growth-promoting activity of angiotensin II [50] , endothelin-1 [51] , and IGF-I [52] in SMCs derived from other species. Our results show that when carrier protein-bound OA is added to human SMCs at physiological concentrations, OA is incorporated mainly (~60%) into the phospholipid pool. OA is also incorporated into triglycerides (~35%), and causes a four-fold increase in total levels of triglycerides. However, the increase in triglycerides is unlikely to explain the mitogenic effects of OA because elaidic acid, a positional isomer of OA, results in similar increases in triglycerides [53] without affecting PDGF-BB-induced DNA synthesis. Instead, the mitogenic effect of OA appears to be dependent on PLD activity and conversion of phosphatidic acid to 1,2-DAG. PDGF-BB activates PLD in SMCs [54, 55] . Accordingly, at a time (15 min) when PLD activation is maximal [55] , PDGF-BB results in an increase in OA-containing 1,2-DAG in SMCs exposed to 70 µmol/l BSA-bound OA. As OA is incorporated mainly into phosphatidylcholine, the major substrate of PLD, and not into phosphatidylinositol, the major substrate of phospholipase C, [52] and because of the differences in kinetics between PDGF-induced phospholipase C and PLD activation [55, 56] , the increased levels of OA-containing 1,2-DAG are almost certainly due to PDGF-BB induced activation of PLD. Indeed, the effects of OA on PDGF-induced DNA synthesis are blocked by inhibition of PLD action. These results strongly suggest that in SMCs that have been exposed to physiologically relevant levels of OA, PDGF-BB causes increased formation of OAcontaining 1,2-DAG through a PLD-dependent pathway, as shown schematically by Fig. 9 . Consistent with this model and a previous study [57] , PDGF causes more DAG in OA-treated SMCs compared to control SMCs. Furthermore, 1,2-DAG contains twice as much OA in OA-treated SMCs compared to controls. The increased OA levels in DAG were reflected by lower levels of saturated fatty acids. Interestingly, it has been suggested that DAG species enriched in monounsaturated or unsaturated fatty acids act as better activators of protein kinase Cα than DAG species enriched in saturated fatty acids [58] . Accordingly, saturated fatty acids, such as palmitate and stearate, stimulate formation of DAG in SMCs [53, 59] , but do not enhance SMC proliferation. Thus, the results of our study strongly indicate that OA enhances the mi- Fig. 9 . Model of the mitogenic effects of OA in human SMCs. A large fraction (~99%) of OA taken up by SMCs is esterified to form OA-CoA. OA-CoA contributes to de novo synthesis of DAG, triglycerides and phospholipids by a pathway that involves glycerol 3-phosphate (glycerol 3-P), lysophosphatidic acid (LPA), and phosphatidic acid (PA). Exposure of human SMCs to carrier protein-bound OA results in increased levels of free, unesterified OA and total levels of triglycerides. OA is distributed mainly into the phospholipid pool (phosphatidylcholine, PC). In SMCs exposed to OA, PDGF-BB increases levels of OA-containing 1,2-DAG, most likely due to activation of phospholipase D (PLD). We propose that OA enhances the mitogenic effects of PDGF-BB by two mechanisms involving generation of OA-enriched 1,2-DAG. Firstly, PDGF-BBinduced activation of PLD gives rise to OA-enriched 1,2-DAG, which is a more efficient activator of classical protein kinase C (PKC) isoforms than DAG containing saturated acyl chains. Secondly, OA could inhibit the activation of DAG kinase (DGK) mediated by PDGF-BB [57] , thereby further increasing levels of OA-enriched 1,2-DAG. PPH, phosphatidate phosphohydrolase togenic effects of PDGF-BB by causing increased formation of OA-enriched 1,2-DAG following PLD activation.
Increased levels of circulating OA-containing triglycerides could enhance SMC proliferation in diabetes.
Oleate is the principal fatty acid in triglycerides within the arterial wall of people with and without diabetes [60] . Although relative levels of oleate (expressed as percentage of total fatty acids) in circulating triglycerides are often found to be similar in people and animals with and without Type 1 diabetes [17, 20] , some studies have shown an increased level of oleate in triglycerides or total serum lipids from Type 2 diabetic patients compared to non-diabetic patients [20, 61] . Furthermore, circulating levels of free fatty acids, including oleate, have been reported to be increased in subjects with Type 2 diabetes [15, 62, 63] . Finally, oleate levels are increased in small arteries from diabetic subjects compared to non-diabetic subjects [64] . Although no direct measurements have been done to date, these studies suggest that the arterial wall is exposed to increased levels of oleate in people with Type 2 diabetes.
Expression of lipoprotein lipase in isolated macrophages is increased by increased glucose levels [65] , suggesting that its expression could be increased in the diabetic environment. Oleate liberated from triglycerides by lipoprotein lipase may therefore act directly to enhance the mitogenic effects of growth factors, such as PDGF-BB on lesion SMCs. In line with a role of triglyceride hydrolysis in atherosclerosis are recent studies in which lipoprotein lipase in macrophages has been shown to contribute to atherosclerosis [66] .
SMC proliferation is an important step in the progression of fatty streaks to fibroatheromas. This step is likely to convert a reversible fatty streak to an irreversible lesion. We have shown that hyperglycaemia [2] and AGEs have little direct effect on human SMC proliferation. We therefore propose that hyperglycaemia and AGEs can contribute to lesion initiation and progression by affecting the endothelium and monocytes/macrophages, but do not contribute directly to SMC proliferation. Instead, increased levels of OAcontaining triglycerides associated with diabetes could contribute to SMC proliferation and accumulation in these lesions.
